In order to study the characteristics of copper wire according to the variation of fusing current, melting process of wire has been analyzed and the analysis of structure has been performed. Melting process was taken with HSIS (High Speed Imaging System) at a rate of 500 frames per second. A flash of light was seen at the center of the wire during melting process and a lot of small beads were scattered from the center to the outside of the wire. In the analysis of metallurgical structure, small dots grew into dendrite structure by overcurrent. Dendrite structure appeared in case that the values of current increase rate are lower than 2.5 [A/sec], and the structure grew more according to the larger fusing time. Therefore, the growth of dendrite structure was related to the fusing time (current increase rate per time). The shorter the fusing time was, the narrower the melted areas were. SEM (Scanning Electron Microscope) and EDX (Energy Dispersive X-ray Spectrometer) analysis showed that oxygen is included in black dots of dendrite structure. An empirical equation was derived based on the experiments of fusing current, and the relationship among Preece, Onderdonk and the empirical equation was analyzed. The results will be applicable to the cause analysis of electrical fire because fusing time and fusing current can be calculated through the metallurgical analysis.
Introduction
Electricity creates heat as it moves through conductive materials. It may produce heat as a primary design, as in the case of heaters, furnaces, range tops, ovens, toasters, and the like. These pose ignition risks when under normal operating conditions they are brought into contact with susceptible materials or are misused in such a way that their normal heat production causes ignition (1) . According to the statistics of fire in Korea, electrical fire possesses the greatest part (about 30%) of all fires in Korea. Overload possesses second part among the causes of electrical fire (2) . In proportion to the development of technology and industry, electricity consumption has been increased and the importance of electrical safety has been emphasized. Electricity is one of the most widely used power sources, but it is harmful if handled improperly. Currently, we are short of investment in safety. A safe site is an investment in the future and it saves in the long run. So, we expect to reduce fire accidents by researching electrical fire mechanism (3)- (5) . In this study, experiments were conducted on the bare copper wire according to the variation of fusing current. Melting process was taken with a High Speed Imaging System (HG-100K, REDLAKE, USA). The surface characteristics * Electrical Safety Research Institute, subsidiary of Korea Electrical Safety Corporation #27, Sangcheon-ri, Cheongpyeong-myeon, Gapyeong-gun, Gyeonggido 477-814 Korea of melted wire were analyzed by stereo microscope (SV-11, CarlZeiss, Germany) and metallurgical microscope (Epiphot, Nikon, Japan). The chemical characteristics were analyzed with SEM (Scanning Electron Microscope, JSM-6400, JEOL, Japan) and EDX (Energy Dispersive X-ray Spectrometer, Ultracool, Oxford, England). An experimental equation was modeled based on results from the fusing current and time. The empirical equation was compared to the Preece equation and Onderdonk equation. The results will be used to understand the characteristics of overcurrent.
Experimental Method and Procedure

Fusing Current
A fuse is a circuit designed to melt when the current exceeds some limit. The purpose of a fuse is to protect the user from dangerous situations caused by short circuit, equipment failure and excessively high current. In systems with high peak current capability, the fuse can be melted and vaporized so fast that an explosion occurs. The following design equations for fuses are made by W.H. Preece and I.M. Onderdonk (6) - (8) . Preece equation is the basic and easy method of getting fusing current. The fusing current for a straight wire depends upon its diameter as given by Preece equation.
where A is a constant depending on the metal and D is the diameter of the wire ( Onderdonk developed a more complicated equation that relates current and the time it takes for a wire to melt.
where I f : fusing current in amperes [A], S: cross sectional wire area in millimeter [mm], T m : melting temperature of wire in Celsius degree, T a : ambient temperature in Celsius degree.
Experimental Procedure
Current supply unit (ODEN 1X, Programma, Sweden) was used to supply current to bare copper wire as shown in Fig.1 . The current was increased until the wire melted. The bare copper wire (diameter: 1.6 [mm], length: 150 [mm]) was used in the experiment. Pictures of melting process was taken with a High Speed Imaging System at a rate of 500 [frames/sec]. After the wire was melted, it is embedded in phenolic resin to facilitate its handling by Mounting press (Predopress, Struers, Denmark). And then it was processed by grinding and polishing machine (Pedemat/Rotopol-2, Struers, Denmark). Finally, it was processed by etching. The specimen was analyzed by metallurgical microscope, SEM and EDX.
Results and Discussion
Dispersive Patterns
In order to understand the characteristics of melted wire, the pictures of melting process were taken with a HSIS (High Speed Imaging System) as shown in Fig.2 .
The current was increased at a rate of 0.5 amperes per second [A/sec]. In Fig.2 (a) , the wire was bent according to the increase of current. In Fig.2 (b) , a flash of light was seen at the center of the wire and this is the brightest point in this process. As we can see from Fig.2 beads were scattered from the center to the outside of the wire. The beads bounced back from the bottom as shown in Fig.2 (g)∼2 (l).
Metallurgical Analysis
A dendrite structure is frequently observed structure when a material is solidified. Dendritic growth may be brought out by imposing either a temperature gradient in a pure materials or a solute gradient in an alloy system. Electric fields can affect the growth of ice crystals, and the dendrite continued to produce sidebranches as the voltage increased. The cross-section structure of melted wire can have dendrite structure like the ice crystals. If a fire is originated because an electric fault produced arcing, the cross-section of melted areas would have dendrite structure (9) - (11) . Fig.3 shows the stereoscopic and metallurgical pictures of wire according to the variation of current increase rate. Fig.3 (a) and (b) show normal wire which was not applied to current. In Fig.3 (c) and (d), the current was provided at a rate of 1.0 [A/sec]. The tip of wire was shaped round and the color of wire was dark brown as shown in (c). The whole of wire was heated and had similar characteristics of copper oxide. In Figure 3 (e) and (f), the current was provided at a rate of 5.0 [A/sec]. The shape of wire was irregular and the color of wire was dark brown. Fig.3 (f) shows that lots of dots appeared all over the wire compared to Fig.3 (h) . In Fig.3 (g) , the molten mark looked as if the tip had been chopped off (the current increase rate: 10.0 [A/sec]) and the shape of a whole wire was irregular because large current was applied during a short time. Therefore, the larger the current increase rate per time was, the narrower the melted areas were. Dendrite The results of metallurgical analysis can help understand the conditions of wire (melted current and time) caused by overcurrent.
3.3 SEM and EDX Analysis SEM and EDX were used to examine the morphology and components of the melted wire before and after the application of overcurrent. Fig.4 and Fig.5 show SEM and EDX image of the cross section of normal wire when current was not applied. As we can see in Fig.4 , Copper (Cu) component was detected in the result of linescan. Fig.6 and Fig.7 show SEM and EDX image of the cross section of melted wire when the current increase rate was 0.5 [A/sec]. In EDX observation (Fig.6) , the component of oxygen (O) was found more in the inside of black circle than the outside, whereas the component of Copper (CuL) was found less in the inside of black circle. Oxygen component is considered to be included because the wire was heated for a long time.
Fusing Current and Fusing Time
Fusing current of bare copper wire was measured according to the variation of current increase rate. We drew the graph of fusing current versus fusing time as shown in Fig.8 . We derived an empirical equation by Gauss-Newton mixed polynomial interpolation based on the results of experiments (Table 2) .
In the above equation, the fusing current was about 343.6 [A] in very short fusing time.
In case of Preece equation (equation (1) As shown in Fig.8 , fusing current was compared among the empirical, Preece and Onderdonk equation. We drew the graph of fusing current versus fusing time by using Eqs. (1), (2) and (3). Fusing current differences between the empirical and Onderdonk equation were larger according as time is increased. The difference of fusing current between Onderdonk and the empirical equation is because voltage is not included in these equations.
Conclusions
Experiments were performed on bare copper wire to understand the characteristics of overcurrent. In the metallurgical analysis, we observed the growth of dendrite structure of bare copper wire under specific conditions. We compared and analyzed empirical, Preece and Onderdonk equation. SEM and EDX analysis were conducted to observe the characteristics of normal and deteriorated wire. The following conclusions were drawn from the results of study.
(1) In the result of HSIS analysis of melting process, the wire was bent according to the increase of current and a flash of light was seen at the center of the wire. After that, a lot of small beads were scattered from the center to the outside of the wire and the beads bounced back from the bottom.
(2) In the result of stereoscopic analysis, the melted areas were narrower as the current increase rate was larger. In the result of metallurgical analysis, dendrite structure started to appear when the current increase rate was lower than 2.5 [A/sec] and dendrite structure was observed distinctively as the current increase rate per time was lower.
(3) An empirical equation was derived from measured fusing current of bare copper wire according to the variation of current increate rate. The derived empirical equation was compared to Preece and Onderdonk equation. In Preece equation, fusing current was constant regardless of fusing time. In Onderdonk equation, fusing current differences between the empirical and Onderdonk equation were larger according as time is increased.
(4) In the result of EDX analysis, copper (Cu) component was detected in normal wire. On the other hand, Oxygen (O) component as well as Cu was detected in melted wire.
The data and the equation are applicable to the prediction of the conditions of melted wire (melting current and time) caused by overcurrent. More research is needed to explain the relation between structure of wire and fusing current in other types of wire.
